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Simple Summary: The biological pathways underlying glioblastoma malignancy and radioresistance
are still unclear. In this review, we describe the role of the hypoxic microenvironment and SRC
proto-oncogene non-receptor tyrosine kinase in the activation of radioresistance and invasion
pathways of glioblastoma. We also highlight the hypoxia- and ionizing radiation-induced infiltration,
providing updated evidences on the involvement of SRC in these processes. Optimizing radiotherapy
and identifying druggable molecular players are crucial steps to improve current glioblastoma
therapeutic strategies.
Abstract: Advances in functional imaging are supporting neurosurgery and radiotherapy for
glioblastoma, which still remains the most aggressive brain tumor with poor prognosis. The typical
infiltration pattern of glioblastoma, which impedes a complete surgical resection, is coupled with a high
rate of invasiveness and radioresistance, thus further limiting efficient therapy, leading to inevitable
and fatal recurrences. Hypoxia is of crucial importance in gliomagenesis and, besides reducing
radiotherapy efficacy, also induces cellular and molecular mediators that foster proliferation and
invasion. In this review, we aimed at analyzing the biological mechanism of glioblastoma invasiveness
and radioresistance in hypoxic niches of glioblastoma. We also discussed the link between hypoxia
and radiation-induced radioresistance with activation of SRC proto-oncogene non-receptor tyrosine
kinase, prospecting potential strategies to overcome the current limitation in glioblastoma treatment.
Keywords: Glioblastoma; hypoxia; radioresistance; invasion; SRC tyrosine kinase; targeted therapy

1. Introduction
Glioblastoma (GBM) is the most frequent and aggressive primary brain tumor with an incidence of
5/100,000 per year and a median survival of 12−15 months after diagnosis, despite aggressive multimodal
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aggressive multimodal treatments [1]. Recent genetic and molecular advances on GBM cellular
treatments [1]. Recent genetic and molecular advances on GBM cellular states provided both genetic
states provided both genetic and micro-environmental determinants, establishing four GBM
and micro-environmental determinants, establishing four GBM subtypes recapitulating astrocyte-like,
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mesenchymal-like,
neural-progenitor-like,
and
mesenchymal-like, neural-progenitor-like, and oligodendrocyte-progenitor-like phenotypes [2,3].
oligodendrocyte-progenitor-like phenotypes [2,3]. Such a classification specifies molecular and
Such a classification specifies molecular and genetic profiles associated with GBM subtypes,
genetic profiles associated with GBM subtypes, thus providing additional information to the
thus providing additional information to the histopathological characterization in accordance with
histopathological characterization in accordance with World Health Organization guidelines [4].
World
Health Organization guidelines [4]. Histologically, GBM is a highly cellular glioma composed
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significantly younger patients (mean age 45 years). It may arise from a lower grade glioma (diffuse or
anaplastic astrocytoma) and shows IDH-1 mutation and loss of ATRX.
Many advances have been made to elucidate the biological mechanisms promoting GBM
development and progression, including genetic mutations, metabolism, and the microenvironment
role. A common denominator is the hypoxic microenvironment that characterizes this scenario, feeding
the renewed players of the tumor set. Therefore, hypoxia and associated necrosis have provided this
tremendous neoplasm with an identity card, showing salient marks of the different subtypes and
stages of invasiveness and aggressiveness.
Despite recent evidence expanding the current knowledge on GBM, therapeutic options for
newly diagnosed cases are still limited to surgery, standard chemotherapy (i.e., temozolomide),
and radiotherapy [1]. Indeed, clinical reports showed that radiotherapy combined with temozolomide
improves the overall survival of patients, after surgical resection [5]. Current guidelines
indicate radiotherapy dosing up to 60 Gy for 30 fractions (2 Gy/day) as the best approach to
reduce radiotherapy-induced side effects and to counteract radioresistance and recurrences [6].
Hypofractionated treatment of 40 Gy in 15 fractions over 3 weeks is suggested only for patients older
than 70 years old and with poor performance status [7].
However, in this context, in order to reduce GBM aggressiveness and to simultaneously increase
the effect of the radiation dose, there is an urgent clinical need to develop targeted therapy and
radiosensitizing agents. Strategies to reach this aim should take into account two main features of GBM:
hypoxia and invasiveness. These two features are also correlated with each other; indeed, hypoxia is
known to support GBM radioresistance and it is also involved in increased GBM invasiveness and
infiltration into the surrounding tissue [8].
In this sense, it is essential to dissect hypoxia-related events which play a central role in determining
cancer cell invasiveness and infiltration into the surrounding tissue, and also in causing radioresistance.
The investigation of molecular mechanisms may elucidate the relationship between GBM hallmarks
and hypoxia, providing new key molecular targets.
In this review we describe the role of hypoxia and the molecular mechanisms involved in GBM
invasiveness and radioresistance, focusing on the involvement of SRC proto-oncogene non-receptor
tyrosine kinase (SRC). We also report potential strategies to improve efficacy of radiotherapy against
hypoxia, invasiveness, and SRC activation.
2. SRC Proto-Oncogene Non-Receptor Tyrosine Kinase and Glioblastoma
Previous studies revealed that SRC is shaping GBM pathophysiology and features such as
proliferation, migration, invasiveness, and angiogenesis [9]. SRC is composed of 4 SRC homology
domains (SH): SH4 is linked to N-terminal with a 14-carbon myristic acid moiety, a unique domain
different for all members and whose function is far to be fully elucidated, SH3 is a non-catalytic domain
and SH2 linked, with a SH2-kinase linker, to the SH1 domain, containing a kinase domain involved in
the activation of SRC autophosphorylation at the level of the tyrosine residue (Tyr419), followed by
a C-terminal negative regulatory domain (Tyr530) [10]. In particular, the autophosphorylation of
Tyr419 switches the protein from an inactive to an active conformation, whereas the phosphorylation of
Tyr530 determines the binds of the SH2 domain and the inhibition of protein kinase activity. There are
various hypotheses to explain the aberrant activation mechanisms of SRC in tumors that mostly
concern the destabilization of the SH4-SH3-SH2-Linker-SH1, leading to the promotion of adhesion,
invasion, and motility. Indeed, SRC protein can be activated by the direct binding of the SH2 and
SH3 domains with other surface receptors, such as integrins, with cytoplasmatic tyrosine kinases,
such as focal adhesion kinase (FAK), or with the cytoplasmic portion of activated receptor tyrosine
kinases (RTKs), which hinder the inhibitory SRC interactions [11]. The integrin/FAK/SRC axis regulates
intercellular interaction and communication between cells and the extracellular matrix (ECM) in
a signal transduction manner. Integrins and FAK colocalize on the focal adhesions, and SH2 and
SH3 domains are respectively high affinity sites for binding with the autophosphorylation domain
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with various signaling molecules activating pathways for the promotion, maintenance, and progression
of several cancers. Deregulation of SRC was not only associated with central nervous system cancers,
but also with several others, including prostate, colorectal, breast, lung, head-neck, and pancreatic
cancers [16]. In addition to SRC, also other proteins among the non-receptor tyrosine kinase family
have been associated with tumor development, including Fgr, Fyn, Yes, and Lyn [16].
In GBM, the absence of gene amplification and mutation confirmed that the hyperactivation of
SRC is linked to aberrant activation of RTKs and surface receptors [17]. Indeed, FAK and other RTKs,
including epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR),
and vascular endothelial growth factor receptor (VEGFR), determine the loss of SRC interdomains
interactions involved in SRC inhibition, leading to most of the GBM-associated phenomena [9,18–20].
The role of SRC in GBM progression is not only directly linked to the main proliferation and survival
pathways affected by deregulation of downstream RTKs; indeed, it was also found that SRC modulates
the activation or the overexpression of proinflammatory transcription factors, contributing to an increase
in aggressiveness and support of the complex tumor microenvironment [21]. The microenvironment
has a key role in GBM; cancer cells establish a complex network with reactive stroma composed by
a heterogenic cell population, including immune cells, fibroblasts, precursor cells, endothelial cells,
macrophages, lymphocytes, as well as signaling molecules and ECM components [22]. For these
reasons, SRC signaling in GBM holds great promise and may provide crucial insight into developing
new therapeutic approaches.
3. Hypoxia and Glioblastoma
Despite hypoxia being usually associated with cell suffering and death, it has a different connotation
in solid tumors, representing a common feature of increased malignancy. In fact, hypoxia can trigger the
production of inflammatory mediators which potentiate neoplastic risk [23]; furthermore, in response
to hypoxia, tumor tissues activate the production of VEGF, which is one of the main downstream targets
of the HIF-1α pathway, increasing vascular permeability and promoting angiogenesis. The creation of
new vessels is fundamental for the stromal blood supply in order to maintain the rate of cell growth [24].
Intratumoral oxygen pressure (pO2 ) values in GBM represent a critical aspect of the radiotherapy
approach. The aerobic value of the brain tissue is of about 40 mmHg in physiological conditions,
whereas it has been shown to be significantly lower in GBM [25]. To be defined hypoxic, a tissue
must reach a pO2 value below 10 mmHg, which is the result of the unbalanced oxygen supply and
consumption rate [26]. In GBM, hypoxia ranges from mild (pO2 = 20 to 4 mmHg) to severe condition
(pO2 = 4 to 0.75 mmHg), especially in necrotic and micronecrotic areas [26]. Hypoxia occurs when the
distance to the nearest blood vessel is impeding appropriate exchanges but also when blood perfusion
is altered. In general, both phenomena occur in GBM and it is considered that chronic but also cycling
hypoxia take place, making it very difficult to deal with such a complex scenario [27].
4. Hypoxic Regulation of SRC in Glioblastoma Development and Invasion
Hypoxia seems to play a major role in the SRC tyrosine-kinase pathway, which is constitutively
activated in several malignant human tumors, including GBM [28–30]. In fact, all the RTKs described
above are targets of the transcription factors hypoxia-inducible factor-1α (HIF-1α), which is induced
under conditions of low oxygen. The oxygen-sensitive subunits of HIF transcription factors are
normally synthesized in normoxic condition, but they are unstable and targeted for ubiquitination
and degradation by the von Hippel–Lindau protein (VHL). VHL is able to recognize HIF-1α/HIF-2α
thanks to their hydroxylation that is performed by prolyl hydroxylases, which use molecular oxygen
as a cofactor; for this reason, under hypoxic condition, HIF-1α and HIF-2α cannot be hydroxylated
and they bind the HIF-1β subunit, allowing gene transcription regulation [31]. Indeed, as early as
1995, it has been shown that phosphorylated SRC protein is highly active in GBM cells, particularly
under hypoxic conditions [32]. In this study, it has also been shown that the increase in SRC activity
in hypoxia causes the VEGF upregulation, which therefore represents a downstream transcription
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of the SRC pathway induced by hypoxia [32]. Moreover, a correlation between angiogenesis and
hypoxia was also sustained by the observation of a significant increase in vascularization related to the
hypoxia-signaling pathway involving integrin upregulation [33,34]. The integrin overexpression in
hypoxic GBM cells was correlated to the activation of FAK, which promotes the activation of small
GTPase such as RhoB. RhoB increases the phosphorylation leading to the inhibition of glycogen
synthase kinase-3β (GSK-3beta) pathway, involved in the degradation of HIF-1α [35]. This evidence
supported angiogenesis inhibition as a strategy for GBM therapy; however, it was shown that in
response to the anti-VEGF antibody (Bevacizumab), further cell survival mechanisms were activated
due to increased SRC signaling [36]. The robust invasion in response to anti-VEGF may be, at least
partially, associated with neo-vascular loss, low perfusion, and consequent hypoxia, which induces
SRC activation [37]. In addition to angiogenesis, metabolism alteration has been identified as a typical
hallmark of GBM, mainly due to the hypoxic condition that promotes the upregulation of glycolysis
by HIFs and sustains the so-called Warburg effect [38]. In this scenario, there is not a direct link
between the metabolism alteration and the SRC activity in GBM; among the factors influencing GBM
metabolism, the MYC oncoprotein has been shown to increase glycolysis in GBM and its regulation
has been associated with the SRC pathway in other tumors. Therefore, there is likely an involvement
of the SRC-MYC axis in driving metabolic reprogramming, in addition to the RTKs expression by
HIF-1α [39].
GBM is a highly infiltrating tumor characterized by intense proliferation, the ability to invade
surrounding tissue, and dysregulated biological pathways operating in both intra- and extra-cellular
compartments. Among the most crucial alterations, the dysfunction of cellular metabolism leads to a
series of consecutive events which invariably affect the degree of malignancy. In particular, hypoxic
conditions are known to control the expression of target genes such as VEGF, TGF-β2, MMP-1,2, and 9,
human plasminogen activator inhibitor type 1, endothelin-1, and erythropoietin (EPO), influencing
angiogenesis, tumor growth, and GBM invasiveness [40–42].
Hypoxia also supports a complex remodeling of cytoskeleton, which includes a number of
linked events such as (i) alteration of cell adhesion, (ii) activation of cell motility, (iii) production
of proteolytic enzymes. Cell adhesion modification occurs through the modulation of E-cadherin
expression, which is commonly altered in tumors [43], generally as a result of mutation or gene
suppression by hypermethylation [44]. It has been reported that E-cadherin expression decreases
in high grade brain tumor as compared to healthy tissue [45]. In particular, a shift occurs from
E-cadherin to N-cadherin expression, which increases the interaction between cancer and stromal
cells [46], promoting the activation of cell motility as part of the complex epithelial-mesenchymal
transition (EMT) [46]. Several pathways are involved in the cadherin switching, consisting in the
upregulation of N-cadherin, which creates less efficient adherent junctions than E-cadherin. In this
context, it has been demonstrated that zinc finger E-box binding homeobox 1 (ZEB1) was upregulated
in U87 cells under hypoxic conditions, with the consequent nuclear accumulation with HIF-1α and
HIF-2α. Roundabout guidance receptor 1 (ROBO) is a downstream effector of ZEB1, which takes part
in the process of loss of N-cadherin adhesion to the cytoskeleton, thus promoting motility and finally
supporting the EMT process [47,48].
After cell adhesion loss, cancer cells increase their motility by a number of processes such as
stimulating the activity of cytoskeleton, autocrine/paracrine chemotaxis or proteolysis activity, and ECM
degradation [49]. Cancer cells are stimulated to move via interactions between adhesion molecules
(i.e., integrins) and the products of ECM degradation. Under hypoxic condition, GBM cells increase
interactions between the mutated form of epidermal growth factor receptor vIII (EGFR-vIII) and αvβ3
and αvβ5 integrins [50,51] which are recruited on the cell membrane surface, leading to invasion
enhancement mediated by FAK activation [35]. Such a process generates the so-called adhesion plate,
where integrins interact with FAK promoting cytoskeleton contraction and proliferative effects by
intracellular signal transduction. It is noteworthy that phosphorylation of FAK is induced in hypoxia
by a pathway that involved the procollagen-lysine 2-oxoglutarate 5-dioxygenase (PLOD2) [52].
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through a radiolysis reaction, which is much more efficient in well oxygenated tissues that facilitate the
formation of superoxide radical and hyperoxide, leading to the amplification of damage and increased
radiotherapy efficiency [66]. In particular, according to oxygen fixation hypothesis, increasing ROS
concentration induces the so-called “fixed damage from oxygen” on DNA, invariably leading to cell
death [67]. In hypoxic areas, the effect of cell death induced by ROS and oxygen reactions is less
efficient, with the resulting radioresistance. In view of the crucial significance of the GBM hypoxic
condition, the “oxygen effect” and the response to radiotherapy treatment is assessed by the oxygen
enhancement ratio (OER) parameter, which is defined as the ratio between the dose in hypoxia and
normoxia to reach the same biological effect [68].
It has been shown that the majority of GBM recurrences occur at the margins of surgical resection
or within the high dose irradiation field, likely associated to residual cells that receive a sublethal
irradiation and escape from the primary tumor, while underlying molecular mechanisms remained
partially uncovered [69,70]. Moreover, the high incidences of recurrences within the high-dose
irradiation field, in close proximity (1–2 cm) to the primary tumor, is associated to the existence
of a subpopulation of resistant cells with stem cell-like properties, called glioblastoma stem cells
(GSCs), which are promoted in the high hypoxic site or niches [71,72]. It was reported that IR
promoted the phenotypical switch from neural to mesenchymal types in GSCs in recurrences; the IR
induces the production of proinflammatory factors or NF-κB and induction of C/EBP-β, which in
turn activates CD109 transcription binding its promoter. CD109 is a clear marker of the mesenchymal
subtype [73]. GSCs were also implicated in the formation of new blood vessels in response to IR,
enhancing their trans-differentiation in tumor derived endothelial cells, by the activation of the Tie2
signaling pathway [74]. SRC was found highly expressed in GSCs, where they can enhance the
migratory ability [75] and potentiate the stemness properties being a downstream target, together with
transcription 3 (STAT3)-Kirsten rat sarcoma viral oncogene homolog (KRAS), in the MerTK pathway.
Indeed, MerTK is upregulated in GBM and it was reported that the silencing of KRAS and SRC
suppressed mesenchymal markers and GSC features in MerTK-overexpressing X01 GBM stem-like
cells [76].
Besides being active during hypoxia, SRC activation has been found to promote invasiveness
and motility of cancer cells in response to radiotherapy; in breast cancer cells it has been shown that
fractional irradiation caused an increase in SRC phosphorylation [77]. In the same study, it has been
observed that SRC inhibition reduced cell migration and the expression of markers associated with
the EMT process [77]. The activation of malignant phenotypes of GBM in response to radiation was
reported through the induction of MMP-2, involving pathways mediated by the interaction of SRC with
EGFR. In this study, it has been reported that IR induced phosphorylation of SRC kinase and that SRC
inhibition by PP2 reduced MMP-2 secretion, AKT activation, and SRC phosphorylation in irradiated
cells. Moreover, PP2 was able to block IR-induced EGFR phosphorylation, whereas inhibition of EGFR
did not affect the phosphorylation of SRC, identifying the possibility that radiation may stimulate
the SRC activation regardless of EGFR/AKT pathway [78]. It has been also reported that IR-induced
invasion modulating the ECM protein, is not only due to MMP action, but also to high production
of other components such as hyaluronic acid, which acts as an extracellular signaling molecule for
the mesenchymal shift of GBM, in response to radiation; hyaluronic acid is recognized by the CD44
receptor, which is a clear marker of the mesenchymal subtype. The interaction of hyaluronic acid and
the CD44 receptor, leads to SRC activation, promoting tumor progression and radioresistance [79].
Moreover, IR-SRC activation promotes invasion processes also due to FAK, ephrin type-A receptor 2
(EphA2), and EGFR-vIII signaling [80]. The EGFR-vIII expressing cells have been shown to release
ligands such as hepatocyte growth factor (HGF) and interleukin 6 (IL6), activating SRC in EGFR
expressing cells, thus increasing diffusion and infiltration [81].
The SRC pathways induced by IR have been also evaluated in relation to the intercellular
communication systems in the context of signal molecules transmission by connexin-based channel
and extracellular vesicles [82–84]. It has been shown in vitro that connexin43 (Cx43)-gap junction and
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-hemichannel activity is implicated in invadopodia formation and function responsible for invasion
capacity and MMP-2 activity by Cx43 dynamic interactions with partners including SRC [85,86]. It has
also been shown that following irradiation, GBM cells can release exosomes, which stimulate the
migration of recipient cells. In this condition, cells increase the expression of proteins involved in cell
migration, including SRC, in addition to focal adhesion kinase (FAK), paxillin, and T neurotrophic
tyrosine kinase receptor type 1 (TrkA) [87].
6. New Frontiers to Improve Radiotherapy: Evaluating the Potential of Synergistic Approaches
It is well known that hypoxia is associated with increased resistance to IR, contributing to treatment
failures after radiotherapy based on X-rays. The need for new strategies to improve radiotherapy
has become increasingly urgent and research efforts are currently focusing on studying synergistic
approaches to overcome current limitations.
An action plan adopted to counteract hypoxia-induced radioresistance involves a model known
as “hypoxia dose painting”, based on providing a personalized radiation dose according to local
phenotypic or microenvironmental variations of the tumor, influenced by spatial and temporal
heterogeneity of hypoxia [26,88]. Other aspects take into consideration the IR physical features
including specific linear energy transfer (LET), which also have an impact on radiotherapy efficacy
and biological effects. LET is a measure of ionization density and it is defined as the average energy
(keV) transferred by a particle along the 1 µm path [89]. High LET particles show high ionization
density, thus inducing increased direct cell damage, but display lower indirect effects mediated by ROS
and other radicals [89,90]. Another main advantage of particle-based radiation therapy is the finite
dose deposition in the tissue that allows sparing the normal brain tissue. Consequently, a frontier in
radiotherapy is to combine multiple ion beams simultaneously, in order to deliver low-LET radiation
in normoxic tumor areas and high-LET radiation in the hypoxic tumor microenvironment, in so doing
optimizing IR-induced cell damage in a microenvironment-dependent manner [91]. Reoxygenation
strategies have been also developed to improve radiotherapy efficacy both during the course of
irradiation and by radiosensitizing drugs or nanoparticles delivered into the tumor to improve
oxygenation [92,93].
Targeting the molecular mechanisms regulated by hypoxia represents a promising way to sensitize
GBM cells to treatments. In general, the rationale to use radiosensitizing agents is to reduce the dose of
IR maintaining similar biological effects in terms of cell death and reducing radiotherapy side-effects.
Such a concept is expressed as dose modifying factor or sensitized enhancement ratio, both indicating the
ratio between the dose alone and in the presence of the radiosensitizer to determine the same biological
effect [94]. Radiosensitive agents also hold great potential to increase effectiveness of radiotherapy
reducing OER with multivariate effects, such as blocking specific pathway induced by hypoxia,
or enhancing DNA damage by affecting self-repairing mechanisms [95]. In addition to radiosensitive
agents designed for specific biological targets, further promising candidates for synergistic approaches
include sodium borocaptate (BSH) and boron phenylalanine (BPA). The combination of BSH/BPA
with IR can determine an increase in therapeutic efficacy by increasing the LET, due to a selective
accumulation of the Boron isotope 10 B inside cancer cells that react with the thermal neutron to produce
high-energy alpha particles, leading to the so-called boron neutron capture therapy (BNCT) [96].
Good results have been obtained, especially in Japan, thanks to imaging techniques labeling the
BPA [97]; the main challenge for this promising therapy is not only related to the cost and availability
of the neutron sources in clinical settings but also to the research of new boron carriers capable to cross
the blood brain barrier [98]. A similar strategy using BSH/BPA combined with protons for proton
boron capture therapy (PBCT) has revealed the possibility to enhance the proton therapy effectiveness,
but preliminary results have been obtained and no clinical trials for GBM have been proposed so
far [99].
Hypoxia induces a number of intracellular reactions such as the activation of the transcription
factor HIF, which in turn activate a variety of cellular process in response to the lowering oxygen
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level [100]. Several molecular targets have been described as radiosensitizing agents in hypoxic
conditions. For instance, EPO transcription is regulated by the HIF-1α/HIF-1β complex and it has
a key role in GBM proliferation and survival through the AKT/PI3K pathway and the upregulation
of Bcl-2/Bcl-xL anti apoptotic factors. Therefore, EPO receptor silencing not only increases the
sensitivity of glioma cells to chemotherapy (temozolomide) as well as X-rays, but also counteracts the
hypoxia-induced chemo- and radio-resistance [101]; for this reason, targeted therapy, such as specific
antibodies, may be applied directly to EPO, EPO receptor, or to another downstream mediator of EPO
receptor signaling pathway such as STAT3. Likewise, the hypoxic cell radiosensitizer doranidazole
(PR-350) administration in malignant significantly enhanced radiation-induced reproductive cell death
in vitro under hypoxia, suggesting a potent strategy for improving the clinical outcome of radiotherapy,
reducing related side effects [102]. A promising strategy to enhance the radiosensitivity of GBM is
represented by the application of targeted molecules that weaken the DNA damage response (DDR)
signaling pathway. DDR can be considered as a group of highly interconnected signaling pathways,
that cooperate to preserve the survival in response to the DNA damage by irradiation; DDR activation
contributes to enhance radioresistance of GBM, which is able to reach high levels of double strand
DNA break repair proficiency. The most representative agents belonging to this radiosensitizers group
are inhibitors of the poly(ADP-ribose) polymerase (PARP) proteins; PARP are involved in DNA repair
pathways, especially for DNA single-strand breaks [103]. Veliparib and olaparib are PARP inhibitors,
largely evaluated at both the preclinical and clinical stages. However, despite some promising results,
veliparib has not been shown to be effective in combination with temozolomide and radiotherapy in
new diagnosed GBM [104]; clinical trials for olaparib are currently ongoing, and additional upstream
or downstream DDR biomarkers, including DNA-dependent protein kinase and cell cycle checkpoint
inhibitors are attractive target for the radiosensitization of GBM [105].
Beside radiosensitizing agents, novel strategies have also been tested as molecularly targeted drugs.
Cilengitide is a drug that selectively blocks activation of the αvβ3 and αvβ5 integrins, amplifying
the effect of IR and triggering an enhanced apoptotic response and tumor growth suppression [106].
Unfortunately, the results of two large phase-III clinical trials showed that combination of cilengitide,
radiotherapy, and temozolomide for newly diagnosed GBM does not improve progression free survival
and overall survival as compared to radiotherapy and temozolomide alone [107]. As previously
reported, FAK participates with SRC in adhesion and migration signaling network; moreover, they are
upregulated and activated in GBM influencing growth and motility. The combination of radiotherapy
and FAK inhibition also provided promising results, showing radiosensitization in GBM cell lines
in vitro [108]. Further studies encouraged the development of a potent, ATP-competitive, reversible
inhibitor of FAK, called GSK2256098. A phase I clinical trial evaluated the tolerability for GBM treatment
and additional clinical trials are evaluating the therapeutic efficiency of such an approach [109]. Likewise,
inhibition of MMP-14 in combination with radiotherapy and temozolomide improved the survival
of glioma-bearing mice as compared to single treatment group [110]; nevertheless, the main MMP
inhibitor, marimastat, was tested with temozolomide, but not with radiotherapy, in a phase II trial for
recurrent GBM [111].
SRC activation leads to different pathways activation, promoting cell adhesion, motility, survival,
proliferation, and angiogenesis. Moreover, SRC is also activated in response to IR, promoting
invasiveness and malignancy of GBM as a consequence. For this reason, SRC inhibition combined
with RT represents a promising approach to increase the therapeutic effect as well as to block GBM
progression. The SRC pathway is targeted by radiosensitizing strategies tested to treat GBM in
preclinical studies or at different phases of active clinical trials. Several SRC inhibitors were tested
to treat GBM and they have been recently reviewed by Cirotti et al. [21]. Noteworthy, dasatinib
(Sprycel, by Bristol-Myers Squibb) was the most used in clinical trial. It is a dual inhibitor SRC/ABL
proto-oncogene 1-non-receptor tyrosine kinase, also inhibiting other SRC family kinases, such as LYN
proto-oncogene and FYN proto-oncogene SRC. In a single-arm phase II trial, dasatinib was tested
as monotherapy and was considered ineffective to proceed to stage 2 [112]. The evidences of SRC
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inhibition to reduce invasiveness induced by anti-VGFA led to perform an additional trial, in which
dasatinib was tested in combination with bevacizumab [36]. Even in this trial, dasatinib does not show
a significant improvement as compared with bevacizumab alone [36]; no additional improvements
were provided in combination with EGFR (erlotinib) [113] and cyclonexyl-chloroethyl-nitrosourea
(CCNU) [114]. Recently, a clinical trial evaluating dasatinib in combination with temozolomide
and radiotherapy on newly diagnosed glioblastoma did not show promising results (NCT00869401).
The current efforts in evaluating SRC inhibition potential are coupled with research in drug design
to develop optimized SRC inhibitors for combinatorial approaches with radiotherapy. Such a field
benefits from the current knowledge on the limitations of previously tested drugs. For example, it is
now clear that pharmacodynamic issues, such as overexpression of efflux transporters P-gp at the
blood–brain barrier levels, strongly affects dasatinib efficiency [115]. Current efforts aim at the design
of new SRC inhibitor drugs aiming at the optimization of combinatorial approaches with radiotherapy.
A new SRC inhibitor, belonging to the pyrazolo[3¨ -d] pyrimidines series (i.e., Si306, Lead Discovery
Siena, Italy) showed an excellent pharmacodynamic profile and was able to significantly inhibit GBM
cell growth in highly P-gp expressing cells as compared to dasatinib [116]. We previously demonstrated
that Si306 showed a synergic radiosensitive effect with proton irradiation in GBM cell lines [117].
We also identified up- or down-regulated genes associated with the SRC pathway modulation in
GBM cells after irradiation with proton therapy [117]. After 2 or 10 Gy irradiation with protons,
we detected that the GBM cell cycle, motility, survival, and proliferation rate were strongly affected
by Si306, also showing increased overall radiation efficiency [117]. Moreover, Si306 has been tested
in combination with X-ray both in normoxic and hypoxic conditions, demonstrating a significantly
increased effect as compared to radiotherapy alone [30,118]. These findings are encouraging the
investigations on SRC mechanisms in order to discover a valuable approach to develop new effective
therapy against GBM. Most of the trials with targeted therapy were conducted in patients with
recurrent GBM and rarely were tested in combination with radiotherapy. Further studies and evidence
from in vitro and preclinical studies could enhance the importance of molecularly targeted drugs in
association with radiotherapy, increasing the number of clinical trials, in order to propose new solution
to GBM treatment.
7. Conclusions
The dynamic GBM profile is still limiting our knowledge on its progression and invasion.
Nevertheless, the remarkable progress that is gradually being made allows us to have some clear
conditions on which to focus our attention. Indeed, it is now widely accepted that the microenvironment,
which can be defined hostile for its hypoxic and necrotic characteristics, paradoxically proves to be a
survival stimulus for cancer cells able to reprogram molecules and pathways and above all migrate to
new sites, so arguing, in short, the aggressive phenotype and invasiveness of the tumor.
Classical therapeutic approaches are facing strong limitations due to the intrinsic characteristics of
GBM, such as heterogeneity, high invasiveness, and marked angiogenesis, but also due to physiological
barriers protecting the central nervous system, such as the blood-brain barrier, and off target and
side effects. The ideal approach therefore would be a synergistic combination of therapies specifically
developed to counteract this aggressive brain tumor. Hypoxia-induced pathways dysregulation
certainly represents the beating heart of GBM. Optimizing radiotherapy and its functional variables
using target therapy against specific molecular actors, such as SRC, represents a promising path that
needs to be smoothed out in the shortest possible time.
Author Contributions: Conceptualization, F.T., N.V., R.P.; writing—original draft preparation, F.T., N.V., F.P.C.,
R.G., S.V., G.M., R.P.; writing—review and editing, F.T., N.V., F.M.S., F.P.C., L.M., L.S., G.R., G.C., S.V., R.G., G.M.,
R.P. All authors have read and agreed to the published version of the manuscript.

Cancers 2020, 12, 2860

12 of 18

Funding: F.T. was supported by the PhD program in Biotechnology (Biometec, University of Catania, Italy).
N.V. was supported by the PON AIM R&I 2014−2020 - E66C18001240007. F.M.S. was supported by the International
PhD program in Neuroscience and PO FSE 2014−2020 Fellow (Biometec, University of Catania, Italy). The
research was supported by PRIN 2017, Grant no.: 2017XKWWK9_004 to R.P., G.R. and G.C. from Italian
“Ministero dell’Istruzione, dell’Università e della Ricerca”.
Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
BPA
BSH
Cx43
DDR
ECM
EGF
EMT
EPO
FAK
GBM
HIF-1α
IR
LET
MMPs
OER
ROS
RTKs
SH
SRC
TIMPs
VEGFR

Boron phenylalanine
Sodium borocaptate
Connexin43
DNA damage response
Extracellular matrix
Epidermal growth factor receptor
Epithelial–mesenchymal transition
Erythropoietin
Focal adhesion kinases
Glioblastoma
Hypoxia-inducible factor-1α
Ionizing radiation
Linear energy transfer
Matrix metalloproteases
Oxygen enhancement ratio
Reactive oxygen species
Receptors tyrosine kinases
SRC homology domains
SRC proto-oncogene non-receptor tyrosine kinase
Tissue inhibitor of metalloproteases
Vascular endothelial growth factor receptor

References
1.

2.

3.

4.

5.

6.

Wen, P.Y.; Weller, M.; Lee, E.Q.; A Alexander, B.; Barnholtz-Sloan, J.S.; Barthel, F.P.; Batchelor, T.T.; Bindra, R.S.;
Chang, S.M.; Chiocca, E.A.; et al. Glioblastoma in Adults: A Society for Neuro-Oncology (SNO) and
European Society of Neuro-Oncology (EANO) Consensus Review on Current Management and Future
Directions. Neuro-Oncology 2020, 22, 1073–1113. [CrossRef]
Verhaak, R.G.; Hoadley, K.A.; Purdom, E.; Wang, V.; Qi, Y.; Wilkerson, M.D.; Miller, C.R.; Ding, L.; Golub, T.;
Mesirov, J.P.; et al. Integrated Genomic Analysis Identifies Clinically Relevant Subtypes of Glioblastoma
Characterized by Abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer Cell 2010, 17, 98–110. [CrossRef]
[PubMed]
Neftel, C.; Laffy, J.; Filbin, M.G.; Hara, T.; Shore, M.E.; Rahme, G.J.; Richman, A.R.; Silverbush, D.; Shaw, M.L.;
Hebert, C.M.; et al. An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma. Cell
2019, 178, 835–849.e21. [CrossRef] [PubMed]
Louis, D.N.; Perry, A.; Reifenberger, G.; Von Deimling, A.; Figarella-Branger, M.; Cavenee, W.K.; Ohgaki, H.;
Wiestler, O.D.; Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of
the Central Nervous System: A summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef] [PubMed]
Cabrera, A.R.; Kirkpatrick, J.; Fiveash, J.B.; Shih, H.A.; Koay, E.J.; Lutz, S.; Petit, J.; Chao, S.T.; Brown, P.D.;
Vogelbaum, M.; et al. Radiation therapy for glioblastoma: Executive summary of an American Society
for Radiation Oncology Evidence-Based Clinical Practice Guideline. Prac. Radiat. Oncol. 2016, 6, 217–225.
[CrossRef]
Fernandes, C.; Costa, A.; Osório, L.; Lago, R.C.; Linhares, P.; Carvalho, B.; Caeiro, C.; De Vleeschouwer, S.
Current Standards of Care in Glioblastoma Therapy. Glioblastoma 2017, 197–241.

Cancers 2020, 12, 2860

7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

21.
22.

23.
24.
25.

26.

27.
28.

29.

30.

13 of 18

Ohno, M.; Miyakita, Y.; Takahashi, M.; Igaki, H.; Matsushita, Y.; Ichimura, K.; Narita, Y. Survival benefits of
hypofractionated radiotherapy combined with temozolomide or temozolomide plus bevacizumab in elderly
patients with glioblastoma aged ≥ 75 years. Radiat. Oncol. 2019, 14, 200–210. [CrossRef]
Monteiro, A.R.; Hill, R.; Pilkington, G.J.; Madureira, P.A. The Role of Hypoxia in Glioblastoma Invasion.
Cells 2017, 6, 45. [CrossRef]
Ahluwalia, M.S.; De Groot, J.F.; Liu, W.; Gladson, C.L. Targeting SRC in glioblastoma tumors and brain
metastases: Rationale and preclinical studies. Cancer Lett. 2010, 298, 139–149. [CrossRef]
Roskoski, R. Src protein-tyrosine kinase structure, mechanism, and small molecule inhibitors. Pharmacol. Res.
2015, 94, 9–25. [CrossRef]
Sen, B.; Johnson, F.M. Regulation of Src Family Kinases in Human Cancers. J. Signal Transduct. 2011, 2011,
1–14. [CrossRef] [PubMed]
Deakin, N.O.; Turner, C.E. Paxillin comes of age. J. Cell Sci. 2008, 121, 2435–2444. [CrossRef] [PubMed]
Guan, J.-L. Integrin signaling through FAK in the regulation of mammary stem cells and breast cancer.
IUBMB Life 2010, 62, 268–276. [CrossRef] [PubMed]
Huveneers, S.; Danen, E.H. Adhesion signaling - crosstalk between integrins, Src and Rho. J. Cell Sci. 2009,
122, 1059–1069. [CrossRef]
Lieu, C.; Kopetz, S. The SRC family of protein tyrosine kinases: A new and promising target for colorectal
cancer therapy. Clin. Color Cancer 2010, 9, 89–94. [CrossRef]
Wheeler, D.L.; Iida, M.; Dunn, E.F. The Role of Src in Solid Tumors. Oncology 2009, 14, 667–678. [CrossRef]
Mitra, S.K.; Schlaepfer, D.D. Integrin-regulated FAK-Src signaling in normal and cancer cells. Curr. Opin.
Cell Biol. 2006, 18, 516–523. [CrossRef]
Bolós, V. The dual kinase complex FAK-Src as a promising therapeutic target in cancer. OncoTargets Ther.
2010, 3, 83. [CrossRef]
An, Z.; Aksoy, O.; Zheng, T.; Fan, Q.-W.; Weiss, W.A. Epidermal growth factor receptor and EGFRvIII in
glioblastoma: Signaling pathways and targeted therapies. Oncogene 2018, 37, 1561–1575. [CrossRef]
Ding, Q.; Stewart, J.; Olman, M.A.; Klobe, M.R.; Gladson, C.L. The Pattern of Enhancement of Src Kinase
Activity on Platelet-derived Growth Factor Stimulation of Glioblastoma Cells Is Affected by the Integrin
Engaged. J. Boil. Chem. 2003, 278, 39882–39891. [CrossRef]
Cirotti, C.; Contadini, C.; Barilà, D. SRC Kinase in Glioblastoma News from an Old Acquaintance. Cancers
2020, 12, 1558. [CrossRef] [PubMed]
Valtorta, S.; Salvatore, D.; Rainone, P.; Belloli, S.; Bertoli, G.; Moresco, R.M. Molecular and Cellular Complexity
of Glioma. Focus on Tumour Microenvironment and the Use of Molecular and Imaging Biomarkers to
Overcome Treatment Resistance. Int. J. Mol. Sci. 2020, 21, 5631. [CrossRef] [PubMed]
Coussens, L.M.; Werb, Z. Inflammation and cancer. Nature 2002, 420, 860–867. [CrossRef] [PubMed]
Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-Induced Angiogenesis. Genes Cancer 2011, 2, 1117–1133.
[CrossRef] [PubMed]
Valable, S.; Corroyer-Dulmont, A.; Chakhoyan, A.; Durand, L.; Toutain, J.; Divoux, D.; Barré, L.;
MacKenzie, E.T.; Petit, E.; Bernaudin, M.; et al. Imaging of brain oxygenation with magnetic resonance
imaging: A validation with positron emission tomography in the healthy and tumoural brain. Br. J. Pharmacol.
2016, 37, 2584–2597. [CrossRef] [PubMed]
Gérard, M.; Corroyer-Dulmont, A.; Lesueur, P.; Collet, S.; Chérel, M.; Bourgeois, M.; Stefan, D.; Limkin, E.J.;
Perrio, C.; Guillamo, J.-S.; et al. Hypoxia Imaging and Adaptive Radiotherapy: A State-of-the-Art Approach
in the Management of Glioma. Front. Med. 2019, 6. [CrossRef]
Mendichovszky, I.; Jackson, A. Imaging hypoxia in gliomas. Br. J. Radiol. 2011, 84, S145–S158. [CrossRef]
Fianco, G.; Cenci, C.; Barilà, D. Caspase-8 expression and its Src-dependent phosphorylation on Tyr380
promote cancer cell neoplastic transformation and resistance to anoikis. Exp. Cell Res. 2016, 347, 114–122.
[CrossRef]
Lluis, J.M.; Buricchi, F.; Chiarugi, P.; Morales, A.; Fernández-Checa, J.C. Dual Role of Mitochondrial Reactive
Oxygen Species in Hypoxia Signaling: Activation of Nuclear Factor- B via c-SRC and Oxidant-Dependent
Cell Death. Cancer Res. 2007, 67, 7368–7377. [CrossRef]
Calgani, A.; Vignaroli, G.; Zamperini, C.; Coniglio, F.; Festuccia, C.; Di Cesare, E.; Gravina, G.L.; Mattei, C.;
Vitale, F.; Schenone, S.; et al. Suppression of SRC signaling is effective in reducing synergy between
glioblastoma and stromal cells. Mol. Cancer Ther. 2016, 15, 1535–1544. [CrossRef]

Cancers 2020, 12, 2860

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.
44.

45.

46.

47.

48.

14 of 18

Huang, W.-J.; Chen, W.-W.; Zhang, X. Glioblastoma multiforme: Effect of hypoxia and hypoxia inducible
factors on therapeutic approaches. Oncol. Lett. 2016, 12, 2283–2288. [CrossRef] [PubMed]
Mukhopadhyay, D.; Tsiokas, L.; Zhou, X.-M.; Foster, D.; Brugge, J.S.; Sukhatme, V.P. Hypoxic induction of
human vascular endothelial growth factor expression through c-Src activation. Nature 1995, 375, 577–581.
[CrossRef] [PubMed]
Delamarre, E.; Taboubi, S.; Mathieu, S.; Berenguer, C.; Rigot, V.; Lissitzky, J.-C.; Figarella-Branger, M.;
Ouafik, L.; Luis, J. Expression of Integrin α6β1 Enhances Tumorigenesis in Glioma Cells. Am. J. Pathol. 2009,
175, 844–855. [CrossRef] [PubMed]
Da Ponte, K.F.; Berro, D.H.; Collet, S.; Constans, J.-M.; Valable, S.; Emery, E.; Guillamo, J.-S. In Vivo
Relationship Between Hypoxia and Angiogenesis in Human Glioblastoma: A Multimodal Imaging Study. J.
Nucl. Med. 2017, 58, 1574–1579. [CrossRef] [PubMed]
Skuli, N.; Monferran, S.; Delmas, C.; Favre, G.; Bonnet, J.; Toulas, C.; Moyal, E.C.-J. v 3/v 5 Integrins-FAK-RhoB:
A Novel Pathway for Hypoxia Regulation in Glioblastoma. Cancer Res. 2009, 69, 3308–3316. [CrossRef]
[PubMed]
Huveldt, D.; Lewis-Tuffin, L.J.; Carlson, B.L.; Schroeder, M.A.; Rodríguez, F.; Giannini, C.; Galanis, E.;
Sarkaria, J.N.; Anastasiadis, P.Z. Targeting Src Family Kinases Inhibits Bevacizumab-Induced Glioma Cell
Invasion. PLOS ONE 2013, 8, e56505. [CrossRef]
Keunen, O.; Johansson, M.; Oudin, A.; Sanzey, M.; Rahim, S.A.A.; Fack, F.; Thorsen, F.; Taxt, T.; Bartoš, M.;
Jirik, R.; et al. Anti-VEGF treatment reduces blood supply and increases tumor cell invasion in glioblastoma.
Proc. Natl. Acad. Sci. USA 2011, 108, 3749–3754. [CrossRef]
Libby, C.J.; Tran, A.N.; Scott, S.E.; Griguer, C.; Hjelmeland, A.B. The pro-tumorigenic effects of metabolic
alterations in glioblastoma including brain tumor initiating cells. Biochim. et Biophys. Acta (BBA) Bioenerg.
2018, 1869, 175–188. [CrossRef]
Tateishi, K.; Iafrate, A.J.; Ho, Q.; Curry, W.T.; Batchelor, T.T.; Flaherty, K.T.; Onozato, M.L.; Lelic, N.;
Sundaram, S.; Cahill, D.P.; et al. Myc-Driven Glycolysis Is a Therapeutic Target in Glioblastoma. Clin. Cancer
Res. 2016, 22, 4452–4465. [CrossRef]
Kaur, B.; Khwaja, F.W.; Severson, E.A.; Matheny, S.L.; Brat, D.J.; Van Meir, E.G. Hypoxia and the
hypoxia-inducible-factor pathway in glioma growth and angiogenesis1. Neuro-oncology 2005, 7, 134–153.
[CrossRef]
Gabriely, G.; Wheeler, M.A.; Takenaka, M.C.; Quintana, F.J. Role of AHR and HIF-1α in Glioblastoma
Metabolism. Trends Endocrinol. Metab. 2017, 28, 428–436. [CrossRef] [PubMed]
Méndez, O.; Zavadil, J.; Esencay, M.; Lukyanov, Y.; Santovasi, D.; Wang, S.-C.; Newcomb, E.W.; Zagzag, D.
Knock down of HIF-1α in glioma cells reduces migration in vitro and invasion in vivo and impairs their
ability to form tumor spheres. Mol. Cancer 2010, 9, 133. [CrossRef] [PubMed]
Jeanes, A.; Gottardi, C.J.; Yap, A.S. Cadherins and cancer: How does cadherin dysfunction promote tumor
progression? Oncogene 2008, 27, 6920–6929. [CrossRef] [PubMed]
Alsaleem, M.; Toss, M.S.; Joseph, C.; Aleskandarany, M.; Kurozumi, S.; Alshankyty, I.; Ogden, A.; Rida, P.C.G.;
Ellis, I.; Aneja, R.; et al. The molecular mechanisms underlying reduced E-cadherin expression in invasive
ductal carcinoma of the breast: High throughput analysis of large cohorts. Mod. Pathol. 2019, 32, 967–976.
[CrossRef]
Lewis-Tuffin, L.J.; Rodríguez, F.; Giannini, C.; Scheithauer, B.; Necela, B.M.; Sarkaria, J.N.; Anastasiadis, P.Z.
Misregulated E-Cadherin Expression Associated with an Aggressive Brain Tumor Phenotype. PLOS ONE
2010, 5, e13665. [CrossRef]
Noh, M.-G.; Oh, S.-J.; Ahn, E.-J.; Kim, Y.-J.; Jung, T.-Y.; Jung, S.; Kim, K.K.; Lee, J.-H.; Lee, K.-H.; Moon, K.-S.
Prognostic significance of E-cadherin and N-cadherin expression in Gliomas. BMC Cancer 2017, 17, 583.
[CrossRef]
Siebzehnrübl, F.A.; Silver, D.J.; Tugertimur, B.; Deleyrolle, L.P.; Siebzehnrubl, D.; Sarkisian, M.R.; Devers, K.G.;
Yachnis, A.T.; Kupper, M.D.; Neal, D.; et al. The ZEB1 pathway links glioblastoma initiation, invasion and
chemoresistance. EMBO Mol. Med. 2013, 5, 1196–1212. [CrossRef]
Joseph, J.V.; Conroy, S.; Pavlov, K.; Sontakke, P.; Tomar, T.; Eggens-Meijer, E.; Balasubramaniyan, V.;
Wagemakers, M.; Dunnen, W.F.A.D.; Kruyt, F.A. Hypoxia enhances migration and invasion in glioblastoma
by promoting a mesenchymal shift mediated by the HIF1α–ZEB1 axis. Cancer Lett. 2015, 359, 107–116.
[CrossRef]

Cancers 2020, 12, 2860

49.
50.

51.

52.

53.

54.

55.
56.
57.
58.

59.
60.

61.

62.
63.
64.

65.

66.
67.
68.

15 of 18

Bravo-Cordero, J.J.; Hodgson, L.; Condeelis, J. Directed cell invasion and migration during metastasis.
Curr. Opin. Cell Boil. 2012, 24, 277–283. [CrossRef]
Liu, Z.; Han, L.; Dong, Y.; Tan, Y.; Li, Y.; Zhao, M.; Xie, H.; Ju, H.; Wang, H.; Zhao, Y.; et al. EGFRvIII/integrin
β3 interaction in hypoxic and vitronectinenriching microenvironment promote GBM progression and
metastasis. Oncotarget 2015, 7, 4680–4694. [CrossRef]
Malric, L.; Monferran, S.; Gilhodes, J.; Boyrie, S.; Dahan, P.; Skuli, N.; Sesen, J.; Filleron, T.;
Kowalski-Chauvel, A.; Moyal, E.C.-J.; et al. Interest of integrins targeting in glioblastoma according
to tumor heterogeneity and cancer stem cell paradigm: An update. Oncotarget 2017, 8, 86947–86968.
[CrossRef]
Xu, Y.; Zhang, L.; Wei, Y.; Zhang, X.; Xu, R.; Han, M.; Huang, B.; Chen, A.; Li, W.; Zhang, Q.; et al.
Procollagen-lysine 2-oxoglutarate 5-dioxygenase 2 promotes hypoxia-induced glioma migration and invasion.
Oncotarget 2017, 8, 23401–23413. [CrossRef] [PubMed]
Aaberg-Jessen, C.; Christensen, K.; Offenberg, H.; Bartels, A.; Dreehsen, T.; Hansen, S.; Schrøder, H.D.;
Brünner, N.; Kristensen, B.W. Low expression of tissue inhibitor of metalloproteinases-1 (TIMP-1) in
glioblastoma predicts longer patient survival. J. Neuro Oncol. 2009, 95, 117–128. [CrossRef] [PubMed]
Crocker, M.; Ashley, S.; Giddings, I.; Petrik, V.; Hardcastle, A.; Aherne, W.; Pearson, A.; Bell, B.A.;
Zacharoulis, S.; Papadopoulos, M.C. Serum angiogenic profile of patients with glioblastoma identifies distinct
tumor subtypes and shows that TIMP-1 is a prognostic factor. Neuro-oncology 2010, 13, 99–108. [CrossRef]
[PubMed]
Stamenkovic, I. Matrix metalloproteinases in tumor invasion and metastasis. Semin. Cancer Boil. 2000, 10,
415–433. [CrossRef] [PubMed]
Hagemann, C.; Anacker, J.; Ernestus, R.-I.; Vince, G.H. A complete compilation of matrix metalloproteinase
expression in human malignant gliomas. World J. Clin. Oncol. 2012, 3, 67–79. [CrossRef]
Cassim, S.; Pouyssegur, J. Tumor Microenvironment: A Metabolic Player that Shapes the Immune Response.
Int. J. Mol. Sci. 2019, 21, 157. [CrossRef]
Baumann, F.; Leukel, P.; Doerfelt, A.; Beier, C.P.; Dettmer, K.; Oefner, P.J.; Kastenberger, M.; Kreutz, M.;
Nickl-Jockschat, T.; Bogdahn, U.; et al. Lactate promotes glioma migration by TGF-β2–dependent regulation
of matrix metalloproteinase-2. Neuro-Oncology 2009, 11, 368–380. [CrossRef]
Jiang, Y.; Goldberg, I.D.; Shi, Y.E. Complex roles of tissue inhibitors of metalloproteinases in cancer. Oncogene
2002, 21, 2245–2252. [CrossRef]
Lampert, K.; Machein, U.; Machein, M.R.; Conca, W.; Peter, H.H.; Volk, B. Expression of Matrix
Metalloproteinases and Their Tissue Inhibitors in Human Brain Tumors. Am. J. Pathol. 1998, 153,
429–437. [CrossRef]
Lewis-Tuffin, L.J.; Feathers, R.; Hari, P.; Durand, N.; Li, Z.; Rodriguez, F.J.; Bakken, K.; Carlson, B.;
Schroeder, M.; Sarkaria, J.N.; et al. Src family kinases differentially influence glioma growth and motility.
Mol. Oncol. 2015, 9, 1783–1798. [CrossRef] [PubMed]
Ellert-Miklaszewska, A.; Poleszak, K.; Pasierbinska, M.; Kaminska, B. Integrin Signaling in Glioma
Pathogenesis: From Biology to Therapy. Int. J. Mol. Sci. 2020, 21, 888. [CrossRef] [PubMed]
Keller, S.; Schmidt, M.H.H. EGFR and EGFRvIII Promote Angiogenesis and Cell Invasion in Glioblastoma:
Combination Therapies for an Effective Treatment. Int. J. Mol. Sci. 2017, 18, 1295. [CrossRef] [PubMed]
Trylcova, J.; Busek, P.; Smetana, K.; Balaziova, E.; Dvorankova, B.; Mifkova, A.; Šedo, A. Effect of
cancer-associated fibroblasts on the migration of glioma cells in vitro. Tumor Boil. 2015, 36, 5873–5879.
[CrossRef] [PubMed]
Reisz, J.A.; Bansal, N.; Qian, J.; Zhao, W.; Furdui, C.M. Effects of Ionizing Radiation on Biological
Molecules—Mechanisms of Damage and Emerging Methods of Detection. Antioxid. Redox Signal. 2014, 21,
260–292. [CrossRef] [PubMed]
Azzam, E.I.; Jay-Gerin, J.-P.; Pain, D. Ionizing radiation-induced metabolic oxidative stress and prolonged
cell injury. Cancer Lett. 2012, 327, 48–60. [CrossRef] [PubMed]
Grimes, D.R.; Partridge, M. A mechanistic investigation of the oxygen fixation hypothesis and oxygen
enhancement ratio. Biomed. Phys. Eng. Express 2015, 1, 045209. [CrossRef]
Wenzl, T.; Wilkens, J.J. Theoretical analysis of the dose dependence of the oxygen enhancement ratio and its
relevance for clinical applications. Radiat. Oncol. 2011, 6, 171. [CrossRef]

Cancers 2020, 12, 2860

69.

70.
71.
72.
73.

74.

75.

76.

77.
78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

16 of 18

Wank, M.; Schilling, D.; Schmid, T.E.; Meyer, B.; Gempt, J.; Barz, M.; Schlegel, J.; Liesche, F.; Kessel, K.A.;
Wiestler, B.; et al. Human Glioma Migration and Infiltration Properties as a Target for Personalized Radiation
Medicine. Cancers 2018, 10, 456. [CrossRef]
Kargiotis, O.; Geka, A.; Rao, J.S.; Kyritsis, A.P. Effects of irradiation on tumor cell survival, invasion and
angiogenesis. J. Neuro-Oncology 2010, 100, 323–338. [CrossRef]
Rivera, M.; Sukhdeo, K.; Yu, J.S. Ionizing Radiation in Glioblastoma Initiating Cells. Front. Oncol. 2013, 3, 74.
[CrossRef] [PubMed]
Fine, H.A. Glioma stem cells: Not all created equal. Cancer Cell 2009, 15, 247–249. [CrossRef] [PubMed]
Minata, M.; Audia, A.; Shi, J.; Lu, S.; Bernstock, J.D.; Pavlyukov, M.S.; Das, A.; Kim, S.-H.; Shin, Y.J.; Lee, Y.;
et al. Phenotypic Plasticity of Invasive Edge Glioma Stem-like Cells in Response to Ionizing Radiation.
Cell Rep. 2019, 26, 1893–1905.e7. [CrossRef] [PubMed]
Deshors, P.; Toulas, C.; Arnauduc, F.; Malric, L.; Siegfried, A.; Nicaise, Y.; Lemarié, A.; Larrieu, D.; Tosolini, M.;
Moyal, E.C.-J.; et al. Ionizing radiation induces endothelial transdifferentiation of glioblastoma stem-like
cells through the Tie2 signaling pathway. Cell Death Dis. 2019, 10, 816–915. [CrossRef] [PubMed]
Han, X.; Zhang, W.; Yang, X.; Wheeler, C.G.; Langford, C.P.; Wu, L.; Filippova, N.; Friedman, G.K.; Ding, Q.;
Fathallah-Shaykh, H.M.; et al. The role of Src family kinases in growth and migration of glioma stem cells.
Int. J. Oncol. 2014, 45, 302–310. [CrossRef] [PubMed]
Eom, H.; Kaushik, N.; Yoo, K.-C.; Shim, J.-K.; Kwon, M.; Choi, M.-Y.; Yoon, T.; Kang, S.-G.; Lee, S.-J. MerTK
mediates STAT3–KRAS/SRC-signaling axis for glioma stem cell maintenance. Artif. Cells Nanomed. Biotechnol.
2018, 46, 87–95. [CrossRef]
Kim, R.-K.; Cui, Y.-H.; Yoo, K.-C.; Kim, I.-G.; Lee, M.; Choi, Y.H.; Suh, Y.; Lee, S.-J. Radiation promotes
malignant phenotypes through SRC in breast cancer cells. Cancer Sci. 2014, 106, 78–85. [CrossRef]
Park, C.-M.; Park, M.-J.; Kwak, H.-J.; Lee, H.-C.; Kim, M.-S.; Lee, S.-H.; Park, I.-C.; Rhee, C.H.; Hong, S.-I.
Ionizing Radiation Enhances Matrix Metalloproteinase-2 Secretion and Invasion of Glioma Cells through
Src/Epidermal Growth Factor Receptor–Mediated p38/Akt and Phosphatidylinositol 3-Kinase/Akt Signaling
Pathways. Cancer Res. 2006, 66, 8511–8519. [CrossRef]
Yoo, K.-C.; Suh, Y.; An, Y.; Lee, H.-J.; Jeong, Y.J.; Uddin, N.; Cui, Y.-H.; Roh, T.H.; Shim, J.-K.; Chang, J.H.; et al.
Proinvasive extracellular matrix remodeling in tumor microenvironment in response to radiation. Oncogene
2018, 37, 3317–3328. [CrossRef]
Kegelman, T.P.; Wu, B.; Das, S.K.; Talukdar, S.; Beckta, J.M.; Hu, B.; Emdad, L.; Valerie, K.; Sarkar, D.;
Furnari, F.; et al. Inhibition of radiation-induced glioblastoma invasion by genetic and pharmacological
targeting of MDA-9/Syntenin. Proc. Natl. Acad. Sci. USA 2016, 114, 370–375. [CrossRef]
Jubran, M.R.; Rubinstein, A.M.; Cojocari, I.; Adejumobi, I.A.; Mogilevsky, M.; Tibi, S.; Sionov, R.V.;
Verreault, M.; Idbaih, A.; Karni, R.; et al. Dissecting the role of crosstalk between glioblastoma subpopulations
in tumor cell spreading. Oncogenesis 2020, 9, 11–15. [CrossRef] [PubMed]
Ohshima, Y.; Tsukimoto, M.; Harada, H.; Kojima, S. Involvement of connexin43 hemichannel in ATP release
after γ-irradiation. J. Radiat. Res. 2012, 53, 551–557. [CrossRef] [PubMed]
Spitale, F.M.; Vicario, N.; Di Rosa, M.; Tibullo, D.; Vecchio, M.; Gulino, R.; Parenti, R. Increased expression
of connexin 43 in a mouse model of spinal motoneuronal loss. Aging 2020, 12, 12598–12608. [CrossRef]
[PubMed]
Vicario, N.; Calabrese, G.; Zappalà, A.; Parenti, C.; Forte, S.; Graziano, A.C.E.; Vanella, L.; Pellitteri, R.;
Cardile, V.; Parenti, R. Inhibition of Cx43 mediates protective effects on hypoxic/reoxygenated human
neuroblastoma cells. J. Cell. Mol. Med. 2017, 21, 2563–2572. [CrossRef] [PubMed]
Chepied, A.; Daoud-Omar, Z.; Meunier-Balandre, A.-C.; Laird, D.; Mesnil, M.; Defamie, N. Involvement of
the Gap Junction Protein, Connexin43, in the Formation and Function of Invadopodia in the Human U251
Glioblastoma Cell Line. Cells 2020, 9, 117. [CrossRef] [PubMed]
Vicario, N.; Turnaturi, R.; Spitale, F.M.; Torrisi, F.; Zappalà, A.; Gulino, R.; Pasquinucci, L.; Chiechio, S.;
Parenti, C.; Parenti, R. Intercellular communication and ion channels in neuropathic pain chronicization.
Inflamm. Res. 2020, 69, 841–850. [CrossRef] [PubMed]
Arscott, W.T.; Tandle, A.T.; Zhao, S.; Shabason, J.E.; Gordon, I.K.; Schlaff, C.D.; Zhang, G.; Tofilon, P.J.;
Camphausen, K.A. Ionizing Radiation and Glioblastoma Exosomes: Implications in Tumor Biology and Cell
Migration. Transl. Oncol. 2013, 6, 638-IN6. [CrossRef]

Cancers 2020, 12, 2860

88.
89.
90.

91.
92.

93.
94.
95.
96.
97.
98.

99.

100.
101.

102.

103.

104.

105.
106.
107.

17 of 18

Bentzen, S.M.; Gregoire, V. Molecular Imaging–Based Dose Painting: A Novel Paradigm for Radiation
Therapy Prescription. Semin. Radiat. Oncol. 2011, 21, 101–110. [CrossRef]
Antonovic, L.; Brahme, A.; Furusawa, Y.; Toma-Dasu, I. Radiobiological description of the LET dependence of
the cell survival of oxic and anoxic cells irradiated by carbon ions. J. Radiat. Res. 2012, 54, 18–26. [CrossRef]
Tsai, J.-Y.; Chen, F.-H.; Hsieh, T.-Y.; Hsiao, Y.-Y. Effects of indirect actions and oxygen on relative biological
effectiveness: Estimate of DSB induction and conversion induced by gamma rays and helium ions.
J. Radiat. Res. 2015, 56, 691–699. [CrossRef]
Sokol, O.; Krämer, M.; Hild, S.; Durante, M.; Scifoni, E.; Krämer, M. Kill painting of hypoxic tumors with
multiple ion beams. Phys. Med. Boil. 2019, 64, 045008. [CrossRef] [PubMed]
Clarke, R.H.; Moosa, S.; Anzivino, M.; Wang, Y.; Floyd, D.H.; Purow, B.W.; Lee, K.S. Sustained
Radiosensitization of Hypoxic Glioma Cells after Oxygen Pretreatment in an Animal Model of Glioblastoma
and In Vitro Models of Tumor Hypoxia. PLOS ONE 2014, 9, e111199. [CrossRef] [PubMed]
Hong, B.-J.; Kim, J.; Jeong, H.; Bok, S.; Kim, Y.-E.; Ahn, G.-O. Tumor hypoxia and reoxygenation: The yin and
yang for radiotherapy. Radiat. Oncol. J. 2016, 34, 239–249. [CrossRef] [PubMed]
Subiel, A.; Ashmore, R.; Schettino, G. Standards and Methodologies for Characterizing Radiobiological
Impact of High-Z Nanoparticles. Theranostics 2016, 6, 1651–1671. [CrossRef]
Patel, A.; Sant, S. Hypoxic tumor microenvironment: Opportunities to develop targeted therapies.
Biotechnol. Adv. 2016, 34, 803–812. [CrossRef]
Barth, R.F.; Mi, P.; Yang, W. Boron delivery agents for neutron capture therapy of cancer. Cancer Commun.
2018, 38, 35. [CrossRef]
Miyatake, S.-I.; Kawabata, S.; Hiramatsu, R.; Kuroiwa, T.; Suzuki, M.; Kondo, N.; Ono, K. Boron Neutron
Capture Therapy for Malignant Brain Tumors. Neurol. Medico-Chirurgica 2016, 56, 361–371. [CrossRef]
Zavjalov, E.; Zaboronok, A.; Kanygin, V.; Kasatova, A.; Kichigin, A.I.; Mukhamadiyarov, R.; Razumov, I.;
Sycheva, T.; Mathis, B.J.; Maezono, S.E.B.; et al. Accelerator-based boron neutron capture therapy for
malignant glioma: A pilot neutron irradiation study using boron phenylalanine, sodium borocaptate and
liposomal borocaptate with a heterotopic U87 glioblastoma model in SCID mice. Int. J. Radiat. Boil. 2020, 96,
1–11. [CrossRef]
Cirrone, G.A.P.; Manti, L.; Margarone, D.; Petringa, G.; Giuffrida, L.; Minopoli, A.; Picciotto, A.; Russo, G.;
Cammarata, F.; Pisciotta, P.; et al. First experimental proof of Proton Boron Capture Therapy (PBCT) to
enhance protontherapy effectiveness. Sci. Rep. 2018, 8, 1141. [CrossRef]
Lee, P.; Chandel, N.S.; Simon, M.C. Cellular adaptation to hypoxia through hypoxia inducible factors and
beyond. Nat. Rev. Mol. Cell Boil. 2020, 21, 268–283. [CrossRef]
Pérès, E.A.; Gérault, A.N.; Valable, S.; Roussel, S.; Toutain, J.; Divoux, D.; Guillamo, J.-S.; Sanson, M.;
Bernaudin, M.; Petit, E. Silencing erythropoietin receptor on glioma cells reinforces efficacy of temozolomide
and X-rays through senescence and mitotic catastrophe. Oncotarget 2014, 6, 2101–2119. [CrossRef] [PubMed]
Yasui, H.; Asanuma, T.; Kino, J.; Yamamori, T.; Meike, S.; Nagane, M.; Kubota, N.; Kuwabara, M.; Inanami, O.
The prospective application of a hypoxic radiosensitizer, doranidazole to rat intracranial glioblastoma with
blood brain barrier disruption. BMC Cancer 2013, 13, 106. [CrossRef] [PubMed]
Gupta, S.K.; Smith, E.J.; Mladek, A.C.; Tian, S.; Decker, P.A.; Kizilbash, S.H.; Kitange, G.J.; Sarkaria, J.N. PARP
Inhibitors for Sensitization of Alkylation Chemotherapy in Glioblastoma: Impact of Blood-Brain Barrier and
Molecular Heterogeneity. Front. Oncol. 2019, 8, 670. [CrossRef] [PubMed]
Khasraw, M.; McDonald, K.L.; Rosenthal, M.; Lwin, Z.; Ashley, D.; Wheeler, H.; Barnes, E.; Foote, M.; Koh, E.-S.;
Sulman, E.; et al. ACTR-24. A RANDOMIZED PHASE II TRIAL OF VELIPARIB (V), RADIOTHERAPY
(RT) AND TEMOZOLOMIDE (TMZ) IN PATIENTS (PTS) WITH UNMETHYLATED MGMT (uMGMT)
GLIOBLASTOMA (GBM): THE VERTU STUDY. Neuro-Oncology 2019, 21, vi18. [CrossRef]
Ferri, A.; Stagni, V.; Barilà, D. Targeting the DNA Damage Response to Overcome Cancer Drug Resistance in
Glioblastoma. Int. J. Mol. Sci. 2020, 21, 4910. [CrossRef]
Scaringi, C.; Minniti, G.; Caporello, P.; Enrici, R.M. Integrin inhibitor cilengitide for the treatment of
glioblastoma: A brief overview of current clinical results. Anticancer. Res. 2012, 32, 4213–4223.
Eisele, G.; Wick, A.; Eisele, A.-C.; Clement, P.M.; Tonn, J.; Tabatabai, G.; Ochsenbein, A.; Schlegel, U.;
Neyns, B.; Krex, D.; et al. Cilengitide treatment of newly diagnosed glioblastoma patients does not alter
patterns of progression. J. Neuro-Oncology 2014, 117, 141–145. [CrossRef]

Cancers 2020, 12, 2860

18 of 18

108. Storch, K.; Sagerer, A.; Cordes, N. Cytotoxic and radiosensitizing effects of FAK targeting in human
glioblastoma cells in vitro. Oncol. Rep. 2015, 33, 2009–2016. [CrossRef]
109. Brown, N.; Williams, M.; Arkenau, H.-T.; A Fleming, R.; Tolson, J.; Yan, L.; Zhang, J.; Singh, R.; Auger, K.R.;
Lenox, L.; et al. A study of the focal adhesion kinase inhibitor GSK2256098 in patients with recurrent
glioblastoma with evaluation of tumor penetration of [11C]GSK2256098. Neuro-Oncology 2018, 20, 1634–1642.
[CrossRef]
110. Ulasov, I.; Thaci, B.; Sarvaiya, P.; Yi, R.; Guo, D.; Auffinger, B.; Pytel, P.; Zhang, L.; Kim, C.K.; Borovjagin, A.;
et al. Inhibition of MMP14 potentiates the therapeutic effect of temozolomide and radiation in gliomas.
Cancer Med. 2013, 2, 457–467. [CrossRef]
111. Groves, M.D.; Puduvalli, V.K.; Hess, K.R.; Jaeckle, K.A.; Peterson, P.; Yung, W.K.; Levin, V.A. Phase II Trial
of Temozolomide Plus the Matrix Metalloproteinase Inhibitor, Marimastat, in Recurrent and Progressive
Glioblastoma Multiforme. J. Clin. Oncol. 2002, 20, 1383–1388. [CrossRef] [PubMed]
112. Lassman, A.B.; Pugh, S.L.; Gilbert, M.R.; Aldape, K.D.; Geinoz, S.; Beumera, J.H.; Christner, S.M.; Komaki, R.;
DeAngelis, L.M.; Gaur, R.; et al. Phase 2 trial of dasatinib in target-selected patients with recurrent
glioblastoma (RTOG 0627). Neuro-Oncology 2015, 17, 992–998. [CrossRef] [PubMed]
113. Reardon, D.A.; Vredenburgh, J.J.; Desjardins, A.; Peters, K.B.; Sathornsumetee, S.; Threatt, S.; Sampson, J.H.;
Herndon, J.E.; Coan, A.; McSherry, F.; et al. Phase 1 trial of dasatinib plus erlotinib in adults with recurrent
malignant glioma. J. Neuro-Oncology 2012, 108, 499–506. [CrossRef] [PubMed]
114. Franceschi, E.; Stupp, R.; Bent, M.J.V.D.; Van Herpen, C.; Donadey, F.L.; Gorlia, T.; Hegi, M.; Lhermitte, B.;
Strauss, L.C.; Allgeier, A.; et al. EORTC 26083 phase I/II trial of dasatinib in combination with CCNU in
patients with recurrent glioblastoma. Neuro-Oncology 2012, 14, 1503–1510. [CrossRef]
115. Agarwal, S.; Mittapalli, R.K.; Zellmer, D.M.; Gallardo, J.L.; Donelson, R.; Seiler, C.; Decker, S.A.; Santacruz, K.S.;
Pokorny, J.L.; Sarkaria, J.N.; et al. Active efflux of Dasatinib from the brain limits efficacy against murine
glioblastoma: Broad implications for the clinical use of molecularly targeted agents. Mol. Cancer Ther. 2012,
11, 2183–2192. [CrossRef]
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